Cross sections of antinucleus (p,d,t, 3 He, 4 He) interactions with nuclei in the energy range 100 MeV/c to 1000 GeV/c per antinucleon are calculated in the Glauber approximation which provides good description of all knownp A cross sections. The results were obtained using a new parameterization of the total and elasticp p cross sections. Simple parameterizations of the antinucleus-nucleus cross sections are proposed for use in estimating the efficiency of antinucleus detection and tracking in cosmic rays and accelerator experiments. These parameterizations are implemented in the Geant4 toolkit.
The cross sections are needed to estimate various experimental corrections, especially those due to particle losses which reduce the detected rate. In practice, various phenomenological approaches are applied in order to estimate the antinucleus-nucleus cross sections [5, 6, [10] [11] [12] [13] . Having no antinucleus beams and therefore no opportunity to measure the cross sections, it seems reasonable to calculate the cross sections using theoretical approaches. The aim of our Letter is to describe how these estimates were obtained using the Glauber approach, and how they were prepared for use as a part of the Geant4 toolkit [14] .
Antiproton elastic scattering by deuterons was considered in the classic paper by V. Franco and R.J. Glauber [15] . O.D. Dalkarov and V.A. Karmanov [16] showed that elastic and inelastic (with excitation of nuclear levels) antiproton scattering by C, Ca, and Pb nuclei are described quite well forp kinetic energies above 46.8 MeV. The first calculations of the cross sections of antideuteron interactions with nuclei in the eikonal approximation were presented by Buck et al. [17] (see also [18] ). Cross sections of antideuteron-deuteron interactions at Pd = 12.2 GeV/c were calculated using the Glauber approach in [19] . They were in good agreement with the experimental data. Thus, it is natural to use the Glauber approach to calculate the antinucleus-nucleus cross sections.
The amplitude for an elastic scattering of an antinucleus containing B antibaryons on a target nucleus with mass number A is given as [20] 
where γ is the amplitude of an elastic antinucleon-nucleon scattering in the impact parameter representation, averaged over the spin and isospin degrees of freedom, 
where σ tot N N is the total cross section of the antinucleon-nucleon interactions, ρ is the ratio of the real to imaginary parts of thē N N elastic scattering amplitude at zero momentum transfer, and β is the slope parameter of theN N differential elastic scattering cross section. Then
where β is:
is theN N elastic cross section and 0.3897 is a coefficient required in order to express β in units of (GeV/c) −2 , if the cross sections are given in millibarns. The squared modulus of the wave function is usually written as:
ρ A coincides with the one-particle density of the nucleus if one neglects the center-of-mass correlation connected with the δ-function. The densities for heavy nuclei were chosen to have the standard Woods-Saxon distribution with the parameters given in 3 The amplitude has to be corrected at low energies in order to take into account the unitarity requirement (Re γ (0) 1) and a restriction of the phase space. [21] . The correlations were accounted for according to [22] . We use the Gaussian parameterization for light (t, 3 He, 4 He) nuclei and for the corresponding antinuclei:
The squared modulus of the (anti) deuteron wave function was chosen as the sum of three gaussians [23] . Many approximations have been proposed in order to simplify the calculation of P h A and P BA . Most effective is a method proposed in [24] , in which the amplitude is found as an average over various samples of the nucleon coordinates: (5) where N is the volume of the samples. [26] . (6) Here m N is the nucleon mass (GeV); s (GeV 2 ) is the square of the collision energy in the center of mass system (CMS); C , d 1 , d 2 , d 3 are the parameters used by Arkhipov [27] . We determined the parameters C , d 1 , d 2 and d 3 , using a fit to experimental data [28] , to be C = 13.55 ± 0.09 GeV −2 , [27] where a combination of the parameterizations was also considered. We used the high energy part of the cross sections from [26] . The method of connecting the high and A more complicated situation occurs with the elastic cross section. There are essentially no good parameterizations available. Thus, we had to combine the approach given above with the quasieikonal approximation of the reggeon field theory [29] This parameterization is valid from 100 MeV/c up to 1000 GeV/c. Fig. 1 shows that we describe the total and elasticp pinteraction cross sections quite well. The slope parameter (β) is also reproduced. To estimate the quality of fit the χ 2 -test is often used. For the elastic cross section fit, we have χ 2 /NoF = 149/137 and for the total cross section fit of selected data 4 we get χ 2 /NoF = 1190/308. At this, 396 data out of 444 points are in ±5% band around corresponding fitted values. We therefore estimate the accuracy of the parameterizations to be a 5%.
We believe that the quality of our parameterizations is sufficient for most experiments. However, problems may arise in the treatment of low energy interactions (below 50 MeV per antibaryon) which may be important when considering the contact of matter with antimatter.
Many tracking detectors consist of heavy materials. Thus, we have to estimate the antinucleus-nucleus cross sections over a broad range of elements. Before doing this, the approach used should be checked applying it to antiproton-nucleus cross sections. Our calculations of the antiproton-nucleus cross sections together with experimental data [31] are presented in Figs. 2 and 3 . We assumed in the calculations that ρ = 0. In the figures, we denote the 4 The fitting process considered only statistical errors of the data points. Systematical errors were ignored. Some data points have small statistical errors, but undefined systematical ones. Some of such points do not follow the trend of the majority of the data points. We remove these 136 points from the total sample each of them added at least 10 to χ 2 . A detailed consideration of the data reduction see in [25, 30] . , by the solid lines. The dotted line gives the total cross sections forpd-interactions. The points correspond to various experimental data [31] .
As seen, our calculations agree with previous ones [15] for the total cross sections of thepd-interactions. We also describepd annihilation as well as elastic and quasi-elastic cross sections (not shown). For another light nucleus, 4 He, our results agree with the total and inelastic (σ tot − σ el ) cross sections (only inelastic cross sections are shown). More detailed Glauber calculations for this nucleus are presented in [32] . The description of other experimental data for light and heavy target nuclei is sufficiently good, with χ 2 /NoF = 258/112 for the presented absorption cross sections, which corresponds to an accuracy of ∼8%. We have analyzed nearly all available experimental data and no drastic discrepancy was found. Existing discrepancies can be explained by peculiarities in experimental conditions. For example, the so-called "annihilation" cross section quite often includes a part of the quasi-elastic scattering without multi-particle production and change of the projectile. In general, we believe that the precision of the calculations is sufficient for the simulation of transportation in matter. 5 Corrections to the Glauber approach would be needed at low and very high energies. The most important ones at high energies are connected with the inelastic intermediate states (IIS) in hadron penetration through a nucleus [33] . They give 5-7% corrections to the nucleon-nucleus total cross sections (see, for example, [34] [35] [36] ). They have a minor effect on the inelastic cross sections. We have verified that this is also true for nucleus-nucleus interactions. An extension of the approach to the very high energy domain can be found in [37] .
Various corrections to the Glauber approximation are considered at low and intermediate energies ( P lab < 1 GeV/c). Interesting ones are due to the modification of the N N-scattering amplitude in the nuclear medium [38] . Another is the deviation in the projectile trajectories due to strong Coulomb fields [39, 40] . These can 5 A study of the structure of exotic nuclei ( 6 He, 11 Li and so on) may require more precise calculations if one assumes that the usage of antiproton beams would be helpful.
be important when considering elastic antinucleus-nucleus scattering. For a short review of the possibilities in the low energy domain see [41] . Our predictions for antinucleus-nucleus cross sections are presented in Fig. 4 . From many possible materials, we have chosen iron and lead as the materials most often used in calorimetric studies.
Direct application of the Glauber approach in software packages like Geant4 [14] in a run-time mode is ineffective due to the large number of numerical integrations. Thus, a parameterization of the calculated results should be used. In papers [42, 43] , the following expressions for the total and inelastic hadron-nucleus and nucleus-nucleus cross sections were proposed:
, (8) where R A and R B are the nucleus radii. Due to simplifications made in [42, 43] the radii cannot be directly connected with known values. Thus, we consider the expressions (7) and (8) as equations for the determination of R A , having calculated σp A and σ B A in the Glauber approach for given projectile and target nuclei. The following parameterizations for R A were obtained for the total cross sections: For inelastic cross sections, the parameterizations are as follows:
p A R A = 1.31 A 0.22 + 0.90/ A 1/3 (fm), (13) d A R A = 1.38 A 0.21 + 1.55/ A 1/3 (fm), (14) t A R A = 1.34 A 0.21 + 1.51/ A 1/3 (fm), (15) α A R A = 
These parameterizations result in the curves presented in Fig. 4 . Using the described approach we have developed in the Geant4 framework parameterized elastic and inelastic antinucleus-nucleus cross sections for the projectilesp,d,t, of the parameterizations to data shows agreement to within ∼8%, sufficient for most applications in large HEP experiments including those at the LHC and RHIC.
In conclusion, we would like to emphasize that using the Glauber approach and the data for cross sections on protons the realistic parameterizations have been proposed for the antinucleusnucleus interactions. As a result, the Geant4 toolkit is now able to simulate the antinucleus-nucleus interactions for all target nuclei since version 9.4.p01.
